Objective: To determine whether using figure-of-eight modules affects the rate of lower incisor alignment compared with conventionally tied modules. Design: Prospective randomised controlled trial. Setting: Orthodontic department at Queen's Hospital, Burton upon Trent, UK. Methods: One hundred and twenty participants were randomly allocated to conventional module or figure-of-eight module groups, stratified for extraction or non-extraction lower arch treatment. Eligibility criteria included patients who were 12-15 years of age at the start of treatment, in the permanent dentition, and had mandibular incisor irregularity of 5-10 mm (clinical observation). The primary outcome was the rate of lower incisor alignment during the first 12 weeks of orthodontic treatment. The secondary outcome was bracket failure rate. Lower labial segment alignment was measured on study models using the Little's Irregularity Index at the start (T0) of treatment, at 6 weeks (T1) and 12 weeks (T2). Case records were analysed to assess the number of bracket failures. Results: The four groups were well matched at baseline with respect to gender, age and irregularity. All patients completed the trial and data were analysed on an intention to treat basis. In both ligation groups, the lower teeth aligned significantly faster when the treatment involved extractions, for the time periods T0-T1 and T0-T2 (p < 0.05). There were no statistically significant differences between conventional module and figure-of-eight module ligation on the rate of alignment (per month) for all three-time periods. The bracket failure rate was also similar in both test groups; 4.08% for conventional and 3.21% for figure-of-eight ligation. Conclusions: Ligation with figure-of-eight modules has no clinically significant effect on the rate of lower incisor alignment; it does not seem to hinder or quicken the alignment of teeth. There were no differences in the mean number of bracket failures per person.
Introduction
Friction in orthodontics has long been a topic for debate. It is generally believed that frictional resistance must be minimised during alignment so that tooth movement can be generated through light optimal forces. If frictional forces are high, the efficiency of the system is affected and treatment time may be extended or the outcome compromised (Drescher et al. 1989) . Additionally, low forces may increase patient comfort (Kusy and Whitley 1997) and reduce the risk of root resorption (Harry and Sims 1982) .
The nature of ligation is an important contributor to frictional force. Ideal requirements of a ligating system are that it must be robust, ensure full bracket engagement, exhibit low friction between the archwire and bracket, be quick and easy to use, permit high friction when required, assist good oral hygiene and be comfortable (Harradine 2003) . Although elastomeric modules are most commonly used, they have been found to produce higher frictional forces than other methods (Ireland et al. 1991; Shivapuja and Berger 1994; Griffiths et al. 2005) . Elastomeric modules may also encourage plaque accumulation around the bracket archwire interface, predisposing to decalcification or periodontal disease (Taloumis et al. 1997) . Stainless steel ligatures are more time-consuming to apply, produce variable ligation forces and pose the risk of soft tissue laceration to the participant and the orthodontist (Maijer and Smith 1990; Shivapuja and Berger 1994; Hain et al. 2006) . Studies on self-ligating bracket systems have shown conflicting evidence regarding reductions in friction (Berger 1990; Bednar et al. 1991; Shivapuja and Berger 1994; Loftus et al. 1999 ), but there is now robust evidence to demonstrate that self-ligating brackets do not convey any clinical advantages in terms of speed of treatment (Scott et al. 2008; Fleming et al. 2010; Songra et al. 2014 ).
Elastomeric modules tied in a 'figure-of-eight' pattern produce significantly more friction than conventionally tied elastomeric or stainless steel ligatures (Edwards et al. 1995; Voudouris 1997; Hain et al. 2003) . Sims et al. (1993) demonstrated that 'figure-of-eight' elastomeric modules increased frictional resistance, when compared with conventionally tied modules, by a factor of 70-220%, depending on archwire size. These results have only been shown in laboratory studies, therefore the findings do not necessarily replicate the clinical situation.
The rate of tooth movement is affected by varying the force magnitude applied. There is an ideal force that will move a particular tooth, at the maximum rate (Quinn and Yoshikawa 1985) . Earlier studies suggested that increased force did not increase tooth movement (Burstone and Groves 1961; Owman-Moll et al. 1996) , but the majority of subsequent studies have shown the opposite (Andreasen and Johnson 1967; Hixon et al. 1970; Andreasen and Zwanziger 1980; Karadeniz et al. 2011) .
A broad range of orthodontic forces can be used to induce tooth movement but it has been concluded that the rate is mainly based upon participant characteristics. A number of factors including age, medications, diet, systemic conditions and genetics, have all been shown to affect tooth movement (Ren et al. 2003; Davidovitch and Krishnan 2009) .
Studies undertaken to investigate the rate of lower incisor alignment showed a faster rate when lower extractions were carried out (Miles 2005; Scott et al. 2008; Ong et al. 2010) . Scott et al. (2008) concluded that the initial rate of incisor alignment was significantly influenced by the degree of initial irregularity but that age, sex and bracket type were not statistically significant. Teeth therefore seem to align faster when they are more displaced at the start. No studies could be identified in the orthodontic literature that investigated the rate of incisor alignment using figure-of-eight module ligation, or that made a comparison with the rate of alignment with conventional module ligation.
The aims of this study were (i) To determine whether using figure-of-eight modules affects the rate of lower incisor alignment, compared to conventionally configured modules. (ii) To establish whether there are any differences in the number of bracket failures between the conventional and figure-of-eight module groups.
Materials and methods

Trial design
This was a prospective randomised controlled clinical trial with a four-arm parallel design and a 1:1:1:1 allocation ratio. All potential participants were approached at their new patient appointment and invited to take part. The purpose of the trial was outlined and both children's and parent/guardian information sheets were given to them to read at their own leisure. It was made clear that there would be no additional stages to treatment, and that if they did not agree to participate then it would not affect their future treatment in any way. They were given at least 1 week to consider whether or not to participate. At a subsequent review appointment, written consent was obtained from those who agreed to take part and they were randomly allocated.
The inclusion criteria were informed consent gained, 12-15 years of age at the start of treatment, permanent dentition, and mandibular incisor irregularity of 5-10 mm (clinical observation). The exclusion criteria were medical contraindications, oral hygiene of insufficient standard for orthodontic treatment, and unwilling or unable to consent to the trial.
Informed consent was obtained and the participants were randomly allocated to one of two groups, conventional module ligation or figure-of-eight module ligation, stratified for whether the treatment involved extractions or not in the lower arch. It was felt that extractions in the lower arch would be a confounding variable, therefore, participants were randomly allocated to either group based on whether extraction or non-extraction treatment was undertaken. The extraction pattern only included lower first or second premolars.
Interventions
At the bond up appointment, the same MBT brackets (Victory™ Twin series, 3M Unitek), and etching and bonding techniques were used irrespective of to which group the participant was allocated to. The starting archwire was 0.014-in. Nickel Titanium (NiTi) and after 6 weeks this was changed to the largest round NiTi wire that could be used to fully engage the bracket slots, frequently a 0.016 or 0.018-in. NiTi wire. Unstretched Super Slick grey elastomeric modules (TP Orthodontics, LaPorte, Ind) were applied in either a conventional pattern or figure-of-eight pattern. A small amount of zinc polycarboxylate cement was placed on the lower first molars to prevent any occlusal interferences.
The participants were given two subsequent appointments at 6 weekly intervals. Impressions were undertaken for study casts pre-treatment (T0), at 6 weeks (T1) and at 12 weeks after starting fixed appliance treatment (T2). The lower archwire was removed and only superficial impressions were taken of the teeth, not including the full sulcus depth, to increase participant comfort and acceptability. All impressions were cast immediately in the on-site laboratory and the white stone study models were stored separately. The participants were treated by a mixture of operator grades; consultant, specialty registrars and clinical assistants.
All the study models were evaluated using the Little's Irregularity Index to quantify the degree of crowding of the lower anterior teeth (Little 1975) . The study models were measured with digital callipers with sharpened tips that were accurate to 0.01 mm. All measurements were undertaken by the author (RL), who was blinded to the intervention groups. To ensure reproducibility of the measurements, 30 measurements were repeated three months apart and assessed using the intra-class correlation coefficient and the Bland and Altman plot (Bland and Altman 1986) .
Outcomes
The primary outcome measure was rate of lower incisor alignment, specifically between three-time periods; T0-T1 (0-6 weeks), T1-T2 (6-12 weeks) and T0-T2 (0-12 weeks). The secondary outcome measure was bracket failure rate. Data for the participants were gathered from the clinical notes after all the irregularity measurements had been undertaken and thus, the participants had finished in the trial. Bracket failure data was only measured over the 3-month trial period. No changes to the protocol were made after the trial had started.
Sample size
The sample size calculation was based on data from Ong et al. (2010) . The sample size calculation for the number of participants necessary to achieve 80% power with an alpha of 0.05 was based on a clinically meaningful difference in the Little's Irregularity Index of 1 mm between the groups. The calculation showed that it would be necessary to recruit 50 participants into each group. However, to allow for a 20% dropout rate, 120 participants were recruited.
Randomisation (sequence generation, allocation concealment, implementation)
Computer-generated block randomisation allocation sequences, with block sizes of six were produced by a statistical advisor. Participants were stratified for extraction and non-extraction treatment. Sealed opaque, sequentially numbered envelopes were used to conceal the group to which the participant had been assigned. The envelopes were kept in a locked filing cabinet and opened by an independent individual when each participant was recruited to the study and had signed the consent, prior to the bond up process. Once the participant had been randomised, based on the principles of an intention-to-treat analysis, any data generated were included in the final results.
Blinding
It was not possible to blind the clinician or the participant to the ligation method; however, all the measurements were undertaken by the author (RL), who was blinded to the intervention groups. When measuring the study models, it was not possible to blind the measurer as to whether the treatment involved extractions or not.
Statistical analysis
Descriptive statistics (mean, standard deviation, confidence intervals) were calculated for all variables for the entire sample and each group separately using IBM SPSS Statistics for Windows (v22, IBM Corp, Armonk, NY). A Shapiro-Wilk test was used to determine the normality of distribution for the irregularity and the bracket failure data. The irregularity data were normally distributed and the bracket failure data were not normally distributed.
Baseline characteristics of each group were compared using independent samples t-tests, chi-square and ANOVA tests. Analysis was undertaken on an intentionto treat basis. Multiple linear regression analyses were used to assess how and to what extent multiple factors affected the outcomes for the irregularity and bracket failure data. All tests were two-sided at a significance level of alpha = 0.05. The multiple imputation procedure was used to account for missing data using SAS (v9.3, SAS Institute, Cary, NC).
The intra-examiner reliability for the study model irregularity measurements was calculated using intra-class correlation and a Bland and Altman plot, following remeasurement of 30 study models, 3 months after the initial measurements were undertaken. The study models were selected randomly by a member of staff from the laboratory department, who was not involved in the study.
Results
Participant flow and recruitment
A total of 146 participants were assessed to be eligible for the study, 120 participants were recruited, and all recruited participants completed the study (Figure 1 ). Participant recruitment started in May 2013 and was completed in August 2015. Of the 120 participants enrolled, 30 were allocated to the extraction conventional module group, 30 to the extraction figure-ofeight module group, 30 to the non-extraction conventional module group and 30 to the non-extraction figure-of-eight module group.
Baseline data
The baseline data for each group are presented in Table 1 . There were no statistically significant differences with respect to gender (X 2 = 0.37; p = 0.95) or age (F = 0.72; p = 0.54). An ANOVA detected a statistically significant difference between the four groups at baseline for the degree of lower incisor irregularity (F = 3.71; p = 0.01). Further independent samples t-tests revealed that there were no significant differences between the conventional module and figure-of-eight module groups (t = 1.41; p = 0.16); however, on comparing extraction and non-extraction groups, the extraction groups were significantly more crowded at T0 (t = 3.00; p = 0.00).
Analysis
The degree of crowding improved throughout the study for all groups but a small amount of crowding was still present at 12 weeks (T2) after the start of orthodontic treatment. The irregularity scores at T2 were greatest in the non-extraction conventional module group and lowest in the extraction figure-of-eight module group ( Table 2 ). The rate of lower incisor alignment was calculated for each participant based on the exact number of days in between their scheduled 6 weekly visits, and the mean values are shown in Table 3 . The rate of alignment was faster in the extraction groups. Within the extraction groups, the conventional modules aligned the lower teeth quicker for the time periods T1-T2 and T0-T2. Within the non-extraction groups, the figure-of-eight modules aligned the lower teeth quicker compared to conventional modules, for all of the time periods. In Figure 1 . CONSORT flow diagram.
each of the four groups, the greatest irregularity improvement was seen between the start of treatment and 6 weeks (T0-T1).
Multiple regression analyses were run to predict the rate of alignment from the ligation group, whether lower extractions were carried out or not, gender and age (Table 4) . Lower arch extractions statistically significantly predicted the rate of alignment for the time periods T0-T1 and T1-T2. The rate of alignment was also statistically significantly faster in males over the 12-week period; 2.46 mm per month versus 2.26 mm per month.
The mean number of recorded bracket failures per person for all groups was less than 0.5, and it was particularly low in the extraction figure-of-eight module group (0.17); the median for all groups was zero. The number of bracket failures were skewed towards zero as 72.5% of all participants experienced no failures during the trial period. The maximum number of bracket failures per person was two and the same bracket did not debond twice. The mean percentage of bracket failures per person was calculated to account for the fact that the participants in the extraction group had less brackets bonded. A similar trend was observed, with the extraction figure-of-eight module group having the lowest bracket failure rate and the other three groups being very similar ( Table 5 ). The overall bracket failure rate per person in the lower arch was 3.65%. The bracket failure rate per person for the conventional module groups was 4.08 and 3.21% for the figure-of-eight module groups.
A multiple regression analysis was run to predict the relationship between the mean number of bracket failures per person and the ligation group, whether lower extractions were carried out or not, gender and age (Table 6) . Statistically, only age significantly predicted the mean number of brackets failures per person; older participants had fewer failures (<14 years old = 0.43, ≥14 years old = 0.23). The time period when bracket failures occurred was very similar for each group; approximately 60% were between T0 and T1 (Table 7) . Bracket failures were highest on the lower lateral incisors followed by the premolars, central incisors and canines. The most frequently debonded bracket was the lower right lateral incisor. For most bracket types, there were more bracket failures on the right-hand side (Table 8) .
Intra-examiner reliability was tested using a Bland and Altman plot (Figure 2 ) and also the intra-class correlation coefficient, which produced a value of 0.99 with 95% CI (0.99, 1.00). Both methods indicated excellent reliability for the study model measurements.
No significant harms were observed.
Discussion
Baseline results
One hundred and twenty participants were recruited into the study and within the sample there were more females than males. This is a reflection of the female predilection in the orthodontic population at Queen's Hospital Burton upon Trent, at the time of this trial. Fortunately, gender has not been proven to be a factor related to orthodontically induced tooth movement (Dudic et al. 2013 ).
The mean age of the participant in the study was approximately 14 years, which reflects the typical age of participants being treated at the hospital participating in the study. Participants over the age of 16 years were excluded, to minimise any effect of age on the results. Dudic et al. (2013) concluded that younger participants (<16 years) showed greater tooth movement velocity than older ones, and Karadeniz et al. (2011) found that age was negatively correlated with the rate of orthodontic tooth movement.
The ages presented were calculated using the bond up date. The inclusion criteria stated that a participant must be 12-15 years old at the records appointment, when the impressions for the pre-treatment study models and consent forms were completed. Some participants were 16 years old at the time of bond up due to the time interval from the records appointment. This was usually within a couple of months but some participants had been referred to the oral surgery department for extractions and/or exposures, which considerably increased the time frame to the start of fixed appliance treatment. At T0 the irregularity was higher in both the extraction groups. This would be expected as participants, who are more severely crowded, are more likely to have extractions as part of their orthodontic treatment plan. No previous studies have compared the interaction between the degree of crowding and the configuration of the elastomeric module, on the rate of tooth alignment. The rate of change in irregularity was calculated for all the participants, which should have minimised any small differences between the groups.
Rate of alignment
Traditionally the rate of tooth movement is thought to be approximately 1 mm per month. In this study, the average rates of tooth movement per month ranged from 0.96 mm (non-extraction, conventional module group, T1-T2) to 4.11 mm (extraction, figure-of-eight module group, T0-T1).
Miles (2005) found a rate of alignment of 1.8 mm per month in the initial 10-week period in non-extraction cases. This was slower than that found in this study, in the non-extraction conventional module group; 2.89 mm per month (T0-T1) and 1.93 mm per month (T0-T2). However, the pre-treatment irregularity index was lower in their study, 5.8 versus 8.55 mm.
The rate of lower incisor alignment was found to be faster when lower arch extractions were carried out. Over a 10-week period Ong et al. (2010) found that the rate of lower incisor alignment with conventional ligation was 3.6 mm per month. In this trial, lower incisor alignment was slower at 2.73 mm per month for conventional modules and 2.65 mm per month for figure-of-eight modules. However, the results from this study were over a longer 12-week period and the pre-treatment irregularity index was smaller at 9.98 mm compared with 12.52 mm in the study by Ong et al. (2010) . Teeth therefore seem to align quicker when they are more displaced at the start of treatment.
The results of this study suggest that there is no difference in the rate of mandibular incisor alignment between brackets ligated with conventional modules or modules ligated in a figure-of-eight configuration. The groups were stratified before randomisation for extraction or non-extraction treatment as this was thought to be a potential confounding variable. The results demonstrate that regardless of the ligation method, the rate of alignment was significantly quicker in the extraction groups for the time periods T0-T1 and T0-T2. This confirms the findings from previous studies that teeth have the potential to align faster when space is created in the arch via extractions (Miles 2005; Scott et al. 2008; Ong et al. 2010 ). Figure 2. Bland and Altman plot for intra-examiner reliability. Other potential confounding factors including malocclusion type, operator grade and bone density were not investigated. The type of malocclusion would be unlikely to affect the rate of lower incisor alignment as cement was placed onto the occlusal surfaces of the lower first molars if any occlusal interferences were identified, thus freeing the occlusion. The participants in the trial were treated by a range of operators but all had considerable experience in bonding fixed appliances therefore this was not deemed to be a significant confounder. The bone density of the mandible was not considered but this may have been a confounding variable, which could possibly be investigated in future studies.
It is generally believed that frictional resistance must be minimised during alignment so that tooth movement can be generated through light optimal forces. The nature of ligation is an important contributor to frictional force. Elastomeric modules tied in a figure-of-eight pattern produce significantly more friction than conventionally tied elastomerics (Sims et al. 1993; Edwards et al. 1995; Voudouris 1997; Hain et al. 2003) .
Figure-of-eight ties might be expected to increase friction and active alignment force, and the majority of the literature states that increased friction slows down orthodontic tooth movement. The results of this trial agree with the null hypothesis that figureof-eight modules have no effect on the rate of alignment of the lower anterior teeth. Neither has this trial shown that teeth move at a quicker rate with figureof-eight modules, which would in theory could be due to the increased force and more certain bracket slot engagement. Perhaps the increased friction from figure-of-eight modules is overcome intra orally by the masticatory forces, which are hundreds of times greater than the forces derived from the archwires, lessening the importance of true friction (O'Reilly et al. 1999) .
The rate of alignment was found to be statistically significantly faster in males over the 12-week period. However, the difference was only 0.2 mm per month, which is clinically not significant and in agreement with previous studies (Scott et al. 2008; Dudic et al. 2013) . A study by Ireland et al. (2016) looked at the effect of gender on orthodontic space closure and found that it was quicker in male participants. No raw data were given on the rate of space closure so it is unclear whether the findings were clinically significant. They suggested that it may be due to the age of the participants, as males were treated during their pubertal growth spurt and females had undergone much of their spurt. On average, the growth spurt is at 14 ± 2 years in males and at 12 ± 2 years in females (Tanner et al. 1976) . In this study, the mean age of male and female participants respectively was 14.17 years and 13.78 years. Therefore, this could have also potentially been the reason for the observed effect of quicker alignment in male participants.
Bracket failures
The bracket failure rate was very similar between the two different ligation methods, and overall there was a bracket failure rate of 3.65% over the 12-week trial period, which is in line with other studies. Pandis et al. (2006) found a lower bracket failure rate of 3% over a 12-month observation period. Conversely O'Dywer et al. (2016) reported a bracket failure rate of 7.2% over the entire orthodontic treatment period.
The ligation method is one factor that can affect the bracket failure rate, but there are a multitude of other factors that are involved. These include bonding material, bonding technique and procedure, diet, masticatory forces, mechanics and occlusal interferences.
In the present study, bracket failures were highest on the lower incisors (45%), followed by the lower premolars (40%). Previous studies have reported the highest bracket failure rates on the premolars (Kula et al. 2002; Sunna and Rock 2008) . A more recent study had an equal bracket failure rate between lower incisors and lower premolars. Lower incisors may be more prone to debonding due to their greater initial displacement from the line of the arch, and thus a greater ligation force is needed to engage the archwire into the bracket slot (O'Dywer et al. 2016) . This may be the reason why the majority of brackets failed between T0 and T1. The high failure rates of premolar brackets may be related to bonding problems, moisture control and greater masticatory forces (Zachrisson 1977) .
Nearly two thirds of all lower bracket failures occurred on the right-hand side, in concurrence with previous studies (Pandis et al. 2006; O'Dywer et al. 2016) . This difference may be attributed to masticatory habits (Pandis et al. 2006) or perhaps due to the manual dexterity/technique of the operator.
Age was shown to significantly predict the mean number of brackets failures per person, with older participants having less bracket failures. Older participants are likely to be more mature and may be more receptive to appliance care instructions. There has been a difference in opinion in the literature between older participants having less bracket failures (Ahangar Atashi and Shahamfar 2013; Jung 2014) and age having no effect (Millett et al. 1999; Murfitt et al. 2006) . In this study, the difference between the two age groups was only 0.03 and although statistically significant, it is not clinically significant.
Limitations
Attempts were made to ensure a standardised protocol of appointment intervals at 6 weeks (T1) and 12 weeks (T2) after bonding the fixed appliances (T0). Unfortunately, it was not possible for all participants to attend every 42 days exactly. Therefore, the mean daily irregularity change was calculated according to the dates the participants attended their appointments. This was then multiplied by 30 to achieve the standardised rate of irregularity change per month.
Participants in our unit attend routine orthodontic appointments at the standard interval of 6-8 weeks, therefore 6 weeks was chosen as the interval, to increase the external validity of the study. Shorter appointment intervals may have been better to more accurately assess the rate of initial alignment and bracket failure rate, but this would have caused an additional burden to participants and their parents/guardians.
During the 6-week intervals, it cannot be assumed that the higher frictional forces from figure-of-eight module ligation are maintained throughout this time frame, especially in the oral environment where elastomerics are known to undergo force degradation and stress relaxation (Gioka and Eliades 2004) .
One participant included in this study had wrongly been allocated to the extraction group, when extractions had only been carried out in the upper arch. As the participant had been randomised, they were included in accordance with the intention-to-treat analysis.
The force used to apply the elastomeric ligatures to the brackets in either a conventional pattern or figureof-eight pattern would have varied for each operator. Reported ligation forces are highly variable and sensitive to the method of application (Tidy 1989) . Unstretched modules were used to help minimise this inconsistency.
Generalisability
The external validity of this study is moderate to good. It was only carried out in a single district general hospital but the participants were treated by a mixture of operator grades (consultant, specialty registrars and clinical assistants), who were competent in bonding fixed appliances and ligating archwires with modules of either configuration. Only intra-reliability was assessed which could potentially reduce the generalisability of the results. The participants were selected from the normal caseload of the department and received routine treatment.
